INTRODUCTION

The 5
0 -untranslated region (5 0 -UTR) of the HIV-1 and HIV-2 RNA contains highly structuralized domains playing regulatory role in the viral expression and virion-associated events (1) (2) (3) (4) . The 5 0 end of the HIV-1 and HIV-2 leader RNA is characterized by the presence of the trans-activating responsive region (TAR) which appears indispensable for the virus transcriptional regulation (5, 6) . During initial transcription only a basal level of HIV transcripts is generated to allow synthesis of the trans-activator protein Tat (6) (7) (8) (9) . The transcriptional elongation from the viral long terminal repeat is dramatically enhanced upon TAR RNA interaction with Tat and recruited host cell factors, especially cyclin T1 (10) (11) (12) (13) . Although most of the data concerning regulation of the viral transcription were accumulated for the HIV-1, similar events are observed (4, 9, 12) for the less pathogenic HIV-2 (14) .
Knowledge of the HIV-1 and HIV-2 TAR RNA structures is crucial not only for the analysis of the trans-activation mechanism but also for understanding a dynamic architecture of the whole leader (+1-544) RNA (4) and planning antiviral therapies targeted at RNA and its complexes (15) (16) (17) . The structure of the 59 nt HIV-1 TAR bulged hairpin (TAR-1) has been well supported by biochemical and biophysical data. Numerous structural studies analysed the functionally important 29 nt TAR-1 RNA in its both free (18, 19) and bound forms to such molecules as the argininamide (20) and Tat-related peptides (21, 22) .
Much less is known about the structure of HIV-2 TAR RNA (TAR-2). In comparison to the TAR-1, a sequence of the TAR-2 is more than doubled in length encompassing +1-123, relative to the transcription start site. Since initial reports from the late 1980s, only the branched, three-hairpins TAR-2 structure was considered ( Figure 1A ). The model was based on computer analyses (2, (23) (24) (25) and few structure probing studies (26, 27) . Contrary to the TAR-1 hairpin containing three-nucleotide bulge, that constitutes the binding site of the viral Tat-1 protein, hairpins I and II of the branched TAR-2 structure each hold pyrimidine dinucleotide bulge and 6 nt apical loop. Much smaller hairpin III contains 5 nt apical loop, has no bulge and does not play any role in Tat-2 binding (6, 23) . It appears that the apical loop sequence of the TAR-1 is identical to that of the hairpin I of the branched TAR-2. Because of the fact and owing to the spectral difficulties caused by the 123 nt TAR-2 RNA, biophysical studies were concentrated on the NMR structure of the analogue of the TAR-2 hairpin I in its free and the argininamide complexed form (28, 29) .
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As a consequence, our knowledge of the structural details of the TAR-2 RNA interaction with Tat-2 and cellular cofactor cyclin T1 is much less advanced than in the case of TAR-1. In addition, biochemical data concerning TAR-2/Tat-2 binding are often viewed from the HIV-1 perspective, although results of binding and trans-activation experiments differ. Apart from homologous binding, Tat-2 protein binds TAR-1 with low affinity and only partially activates HIV-1 LTR, while Tat-1 binds the TAR-1 and TAR-2 RNAs with similar affinity and fully trans-activates HIV-1 as well as HIV-2 LTR (6, 23, 24, 30, 31) . The results relating to the involvement of the TAR-2 branched structure motifs, i.e. hairpins I and II, in Tat-2 binding are often unclear and contradictory. Dinucleotide bulges of both hairpins I (UU) and II (UA) were considered as functionally important (6, 27, 31) . However, the TAR-2 sequence comprising the hairpin I seems to be crucial. It is still unclear whether hairpin I and II act as two functionally independent elements or both regions +18-52 and +54-85 are necessary for Tat-2 binding and efficient trans-activation.
Here we propose that the TAR-2 domain exists in two global, alternative forms: in a new, extended hairpin form represented by two conformers and the already proposed three-hairpins branched form ( Figure 1) . Results of the nondenaturing PAGE mobility assay, 2D structure prediction, enzymatic and Pb 2+ -or Mg 2+ -induced RNA cleavages were complemented by analysis of the designed TAR-2 mutants stabilized either in the extended (TAR-2 A21) or branched (TAR-2 B4 and DC23) structure, and model oligoribonucleotide hairpins-characteristic motifs of the branched form. Gel shift assays and the argininamide inhibition of Pb 2+ -induced cleavages were performed to check whether the extended form of TAR-2 has an ability for Tat-2 binding. We hope that the results presented here will shed new light on the structure of the TAR-2 RNA indicating structural polymorphism of the 5 0 end of the HIV-2 leader RNA and allow an explanation of some previous data on the TAR-2/Tat-2 interaction.
MATERIALS AND METHODS
Unless indicated otherwise the reagents and materials used in this study were either from Sigma or Aldrich.
RNA synthesis and 32 P-labelling
The DNA templates for the in vitro transcription were generated by PCR amplification of the plasmid HIV-2 Y large (32) containing a T7 promoter directly upstream of the +1 position of the wild-type HIV-2 ROD sequence. Templates for mutated transcripts were made by PCR mutagenesis using the appropriate extended upstream primer in which the wild-type TAR-2 sequence was altered to produce desired mutation: TAR-2 A21 (p u gaattctaatacgactcactatagggtcgctctgcggagaggctagc), TAR-2 B4 (p u gaattctaatacgactcactatagggtcgctctgcggagaggccggcagattgacccctgggagggtctctccggc) and TAR-2 DC23 (p u gaattctaatacgactcactatagggtcgctctgcggagaggctggagatt). All PCR were performed Figure 1 . Secondary structure models of the HIV-2 TAR RNA. The models represent the lowest energy solution obtained using the Mfold algorithm and are supported by experimental data. The previously reported branched hairpins form (A) stay in equilibrium with the new extended hairpin form represented by two conformers E1 and E2 (B). The hairpins I and II of the branched form constitute the arms of the main hairpin of the extended form. Consequently, the branch site between two hairpins becomes an apical loop. The small hairpin, coded III in the branched hairpins structure is identical for all conformers.
in the same conditions using Ambion SuperTaq TM Plus polymerase. The reaction mixture in the total volume of 50 ml contained Ambion PCR buffer with MgSO 4 and 50 ng of the DNA template, 100 ng of each primer, 200 mM of each dNTP and 1.25 U of enzyme. PCR thermal conditions were: 95 C for 5 min followed by 30 cycles of 95 C for 1 min, 55 C for 1 min, 72 C for 2 min and then 10 min in 72 C and 10 min in 4 C. The PCR products were precipitated with ethanol and the DNA templates were dissolved in sterile water.
All the RNA transcripts were synthesized with the Ambion T7-MEGAshortscript transcription kit following the manufacturer's protocol. Transcripts were purified and desalted as described earlier (33) . The oligoribonucleotides of sequence 21 nt TAR-2 hairpin III and 30 nt hairpin (coded W) used in previous NMR studies (28, 29) were obtained by the chemical synthesis using solid-support aided phosphoramidite chemistry and applying the 2 0 -O-TOM protection according to the manufacturer's protocol (Glen Research). Oligomers were purified by preparative gel electrophoresis (19% PAA with 8 M urea), followed by elution and desalting on NAP columns (Amersham Biosciences).
5 0 end labelling of RNA molecules was performed using [g-32 P]ATP (ICN) and Ambion KinaseMax kit according to the accompanying protocol. Labelled RNAs were purified by denaturing PAGE, recovered as described previously (33) and quantified using a Beckman LS5000TA scintillation counter.
RNA polyacrylamide gel electrophoresis under non-denaturing conditions
The homogeneity of all RNA molecules was checked on denaturing PAGE. The electrophoresis under non-denaturing conditions was carried out at low, strictly controlled temperature of the gel (4 C) using a Kucharczyk TE DNA Pointer System I equipment or, when indicated, at room temperature. Aliquots of RNAs in sterile water were heated at 90 C for 1 min, cooled to the room temperature and the buffer containing 10 mM Tris-HCl (pH 7.5), 40 mM NaCl and appropriate MgCl 2 concentration (0, 0.1, 1, 2.5 and 5 mM) was added prior to the folding (65 C for 10 min, followed by a slow cooling to the room temperature). To stabilize the RNA conformers, the samples were kept on ice for 5 min then 2 ml 30% glycerol or 25% Ficoll with dyes was added and the samples were loaded directly onto the gels (0.5· TB with 0.1% Triton X-100 or 0.5· TBE).
RNA UV melting
Thermal denaturation of the in vitro synthesized TAR-2 RNA wt and TAR-2 A21 mutant was monitored at 260 nm on Beckman DU640 spectrophotometer in the temperature range from 25 to 95 C, at the heating rate of 1 C/min with sampling at each 0.5 C. Samples, which contained different RNA concentrations varied over 2-fold range, were dissolved in 150 ml of 50 mM sodium cacodylate buffer (pH 7.2) with no magnesium present or with 1 mM MgCl 2 . Prior to the measurement, RNAs were incubated at 65 C for 10 min and slowly cooled to 37 C. Non-denaturing gel electrophoresis confirmed the monomeric state of the RNAs.
Thermodynamic data were calculated with the MeltWin 3.5 program (34).
In silico 2D RNA structure prediction Appropriate sequences of HIV-2 and SIV isolates were downloaded from the HIV database (http://hiv-web.lanl.gov) and TAR 2D RNA structures were predicted using two software versions, both based on Zuker's algorithm: RNAstructure PC v. 4.11 and the Mfold web server v. 3.2 (http://www.bioinfo.rpi. edu/applications/mfold/old/rna) applying default settings (35, 36) . We considered all the secondary structures predicted within 10% of free energy of the most stable variant, subsequently changing window size parameter to generate closely related structures. Design of the appropriate RNA mutants was based on their 2D RNA structure prediction.
Enzymatic RNA structure probing
The limited digestions with nucleases S1 (Fermentas), RNase T1 (Boehringer), RNase V1 (Ambion) and RNase A of the 5 0 -end-labelled target RNAs (30 000 c.p.m. per sample) were performed in a buffer containing 10 mM Tris-HCl pH 7.2, 40 mM NaCl, 8 mM carrier tRNA (Ambion) and 5 mM MgCl 2 . Prior to the reactions RNAs were refolded by heating at 90 C for 1 min in reaction buffer and slowly cooling to room temperature. The renatured RNAs were incubated for 10 min at room temperature or at 37 C (S1) with increasing concentration of appropriate enzyme: S1 (0. C. Samples were ethanol precipitated twice and treated with 10 ml of 1 M aniline-acetate buffer (pH 4.5) according to the standard protocol (37) . Before electrophoresis, the RNAs were dissolved in 5 ml of sterile water and the equal volume of formamide with tracking dyes was added.
For the RNA cleavage with hydroxyl radicals generated by the Fe(II)-EDTA, 5 0 end labelled RNA (100 000 c.p.m.) was dissolved in buffer containing 50 mM Tris-HCl (pH 7.5), 1 mM MgCl 2 and 5 mM DTT. Subsequently, 1 ml of freshly prepared 50 mM ammonium iron(II) sulfate hexahydrate solution and 1 ml 20 mM EDTA (pH 8.0) were added. The reactions were incubated at room temperature for 5, 10 and 15 min. After reaction, 10 ml of formamide with tracking dyes was added and the samples were loaded directly on the denaturing gel.
Pb
2+ and Mg 2+ -ion-induced RNA cleavages
Prior to the Pb 2+ ion-induced cleavage reaction, RNA transcripts (30 000 c.p.m.) were subjected to the refolding procedure as described above using reaction buffer: 10 mM Tris-HCl (pH 7.2), 40 mM NaCl, 8 mM carrier tRNA and 10 mM MgCl 2 . Afterwards, freshly prepared Pb(OAc) 2 solution was added to the final concentration of 0.25, 0.5, 1 and 2 mM and the reaction mixtures were incubated for 15 min at room temperature. For Mg 2+ ion-induced cleavage reaction, RNA transcripts were dissolved in solution containing 40 mM NaCl, 8 mM carrier tRNA and 0.025 mM EDTA, heated at 90 C for 1 min, cooled to the room temperature and the Tris-HCl (pH 8.5) was added to the final concentration of 10 mM. Subsequently, MgCl 2 was added to reach 0.25, 0.5, 1 or 2 mM concentration. The reaction mixtures were incubated for 15 h at 37 C. All reactions were quenched by the addition of an equal volume of the stop buffer.
For competitive inhibition of Pb
2+
-induced RNA cleavage, the 5 0 end labelled RNAs (30 000 c.p.m.) were refolded as described above for the Pb 2+ cleavage reaction, but the buffer contained no MgCl 2 . The reactions were performed at a constant 2 mM concentration of Pb(OAc) 2 All the products of the nuclease digestions and chemical cleavages were analysed by denaturing PAGE (8 M urea, acrylamide/bisacrylamide in the ratio 29:1) in 1· TBE (100 mM Tris, 100 mM boric acid and 2.5 mM EDTA). Different percentages of the gels were used (8, 10 and 15%) depending on RNA length. In order to assign the RNA cleavage sites the reaction products were subjected to the electrophoresis along with the products of alkaline RNA hydrolysis (formamide with 3 mM MgCl 2 at 100 C for 20 min) and limited T1 nuclease digestion (0.2 U, 50 mM sodium citrate, pH 5.3 and 7 M urea at 55 C for 10 min) of the same RNA.
Preparation of the HIV-2 Tat protein
Tat-2 was expressed in Escherichia coli BL21-Codon Plus (DE3)-RIL cells (Stratagene) as the glutathione S-transferase (GST) fusion protein. After expression, the fusion protein was purified and cleaved with the thrombin enzyme as described earlier (38) . Tat-2 protein was stored in a buffer containing 50 mM Tris-HCl (pH 7.9), 20 mM KCl and 1 mM DTT at 4 C. Under these conditions, protein shows high RNA binding activity for $1 month.
TAR-2 RNA/Tat-2 gel retardation assay RNA-protein complex formation was carried out in the buffer (10 ml) containing 50 mM Tris-HCl (pH 8.0), 20 mM KCl, 100 mM DTT, 0.1% Triton X-100 and 0.5 mg carrier RNA. After incubation at 0 C for 10 min, samples were mixed with 2 ml of 25% (w/v) Ficoll with dyes and loaded directly on non-denaturing polyacrylamide gel (acrylamide/ bisacrylamide 75:1) containing 0.5· TB with 0.1% Triton X-100. The PAGE was carried out at low, strictly controlled temperature of the gel (4 C). Depending on RNA length a different percentage of the gels was used (6 or 10%).
Results from all PAGE experiments with radiolabelled RNAs presented in this study were visualized and quantitatively analysed using phosphorimaging screens and a Typhoon 8600 Imager with ImageQuant software (Molecular Dynamics). On all figures representative results are presented, but they were derived from at least three independent experiments.
RESULTS AND DISCUSSION
Electrophoretic RNA mobility points to the existence of two global TAR-2 forms; magnesium dependence Studies presented in this article were initiated by a surprising observation that the TAR-2 RNA showed a tendency to migrate as two bands (Figure 2A ), but only if the non-denaturing PAGE was carried out under strictly controlled temperature of the gel, 4
C. Such a characteristic pattern was observed despite different denaturation/renaturation protocols tested. Finally folding conditions presented in the Materials and Methods were used in order to get a full coherence with previously reported results concerning the TAR-2 structure (27, 39) . Existence of two bands was taken as an indication that TAR-2 can adopt at least two structural forms. It was strongly supported by the in silico 2D structure prediction (see below). Based on a commonly accepted assumption that the branched RNA conformers migrate slower than extended, we postulate that the slow mobility band corresponds to the TAR-2 branched form and the fast mobility band corresponds to the extended form. Nearly identical mobility of both forms made their clear-cut separation difficult. Until now all reports showed the presence of only one band for the 123 nt TAR-2 RNA transcripts under non-denaturing PAGE conditions (6, 11, 31, 39) . The following conditions were found optimal for their separation: the acrylamide/bisacrylamide ratio (75:1), the constant current parameters (30 mA, 350 V), addition of 0.1% of Triton X-100 to the electrophoresis buffer, low RNA amounts subjected to the analysis and, most importantly, strictly controlled temperature (4 C) of the gel (compare Figure 2A and Figure S1A) .
Interestingly, the balance between two global TAR-2 forms depended on the magnesium concentration starting from its low range, characteristic of the in vivo conditions. When the folding of RNA was carried out in the buffer with no MgCl 2 present or under low 0.1 mM MgCl 2 concentration, the branched TAR-2 form was the predominant one. A nearly equal amount of both TAR-2 forms was observed at 1 mM MgCl 2 . The increasing magnesium ions concentration (from 0.1 to 5 mM MgCl 2 ) increased the proportion of the TAR-2 extended form, which was the major detectable monomeric form above $2.5 mM ( Figure 2B ).
To test whether the faster migrating band is related to the extended form of the TAR-2 RNA we have constructed the TAR-2 A21 mutant (substitution G21A) which, as was indicated by the Mfold software, can adopt the extended form but not the branched hairpins form ( Figure S2A) . Indeed, the TAR-2 A21 mutant exhibited mobility consistent with TAR-2 wt, however migrated just behind a faster migrating band of the TAR-2 wt. Moreover, TAR-2 mutants stabilized in the branched form (coded B4 and DC23, see below) were not conclusive in assigning bands to the particular forms, most probably due to the point mutations. We found this explanation justified since it was shown that the RNA structure alteration by a single nucleotide substitution might cause differences in electrophoretic mobility under non-denaturing conditions (40) . In our case, this effect was observed only at low temperature of the gel. When the electrophoresis was carried out at room temperature, TAR-2 wt and A21, B4, DC23 mutants exhibited nearly the same mobility ( Figure S1C ). Most probably the TAR-2 A21 mutant required magnesium for its proper folding; under non-denaturing PAGE conditions, the A21 mutant migrated as a sharp band only if folded with 1 mM or higher MgCl 2 ( Figure 2A ). This effect was not owing to the different salt concentrations in the analysed samples, since the poly(A) domain migrated independently on MgCl 2 concentration, as a sharp band with the same mobility in each lane ( Figure S1B ).
The TAR-2 wt showed single ultraviolet transition under low monovalent salt conditions (4) . Using the same conditions, we have observed the same profile not only for TAR-2 wt but also for TAR-2 A21 mutant. An addition of MgCl 2 to the final concentration of 1 mM caused the increase of the T m from 60.1 to 76.5 C and from 62.8 to 77.7 C for the TAR-2 wt and TAR-2 A21 mutant, respectively. It indicated only structure stabilization by magnesium ions. Analysis of thermodynamic data (Table S1 ) revealed that the difference in the free energies between TAR-2 wt and TAR-2 A21 mutant was quite high in the buffer without magnesium; when 1 mM of MgCl 2 was present their free energies became nearly the same. Free energy changes observed for TAR-2 wt suggest that in the presence of magnesium a conformational change is taking place and TAR-2 wt exhibits structural properties closer to the TAR-2 A21 mutant. This was in accord with non-denaturing PAGE results.
In silico 2D TAR-2 RNA structure prediction For the TAR RNA domain of the HIV-2 ROD isolate, the Mfold generated two well-ordered global structure models as the most stable variants, one of which was the new extended hairpin form of the lowest energy (coded E1), and the other was the well-known branched form with three hairpins (coded B) ( Figure 1 ). It should be emphasized that nucleotide residues involved in the TAR-2/Tat-2 interaction assigned to the hairpin I bulge of the branched structure model remain single-stranded in the extended hairpin model and are located in the internal loop. However, from the dinucleotide bulge of hairpin II only U62 remains single stranded in the model of the extended form. It is interesting that although there was a significant difference in the global structure between these two forms, their free energy was very similar: DG ¼ À65.4 kcal/mol and DG ¼ À66.7 kcal/mol for branched and extended form of the TAR-2 ROD isolate, respectively. As the enzymatic structure probing (see below) showed structural flexibility in the G-rich region (G36G37G38A-39G40G41) of the TAR-2, we have returned to the in silico search for closely related structures. Interestingly, Mfold generated, apart from irregular forms, the second extended hairpin model (coded E2) of DG ¼ À66.4 kcal/mol, which fulfilled experimental data. A three-nucleotide bulge (G36G37G38) appeared characteristic of a more stable conformer E1 while, a five-nucleotide bulge (A39G40G-41U42U43) was predicted for E2.
It is interesting to investigate whether the tendency to adopt the extended form is seen for other HIV-2 and also SIV isolates, as the HIV-2 is genetically more closely related to SIV than to HIV-1 (14) . For that purpose the 2D structure prediction of the TAR domain was carried out on all available, comparable in length, nucleic acids sequences of HIV-2 and SIV isolates. For all analysed HIV-2 and SIV isolates the extended form of the TAR domain was predicted as the most stable variant, with the one exception for SIV-STM. The phylogenetic comparison of the TAR RNA sequences of analysed HIV-2 and SIV isolates revealed small number of sequence variations ( Figure S3 ) and these did not exclude the formation of the branched and extended global forms. However, we cannot rule out that the extended form may be specific for some clades.
The Mfold-assisted in silico search was used also to design the appropriate RNA transcripts which would fold in either the branched or the extended form exclusively. Unfortunately, the stabilization of the TAR-2 branched hairpins form with preserved, functionally important, bulged and apical loop regions would require too many in-stem substitutions to exclude potential equilibration with the energetically favoured extended hairpin form. Interestingly, only single point mutation (i.e. either G21A or G18U) was enough to generate exclusively the extended hairpin form. Transcript of the TAR-2 A21 mutant (G21A) as the best potential mimic of the extended form was prepared and examined experimentally. As in the case of TAR-2 wt the designed TAR-2 A21 mutant was represented by two conformers ( Figure S2A) .
However, during the revision stage, owing to the suggestion of the anonymous referee, we have returned to the above mentioned, but put aside, models of the branched TAR-2 form. Two mutants which show the highest tendency to form the branched structure were chosen. Even though, we have searched for variants with the minimal sequence changes, the first model, coded B4, needed as many as four base substitutions located in both stems of the first TAR-2 hairpin: U20C, A50G, G31C and U42G ( Figure S2B ). Second model, coded DC23, was based on the deletion of a single-bulged cytidine residue located in the lower stem of the first TAR-2 hairpin ( Figure S2C ). TAR-2 mutated B4 and DC23 transcripts were prepared and examined experimentally.
Enzymatic and chemical TAR-2 RNA structure probing
The RNA structure probing was based on partial digestions with specific nucleases, Pb 2+ and Mg 2+ -induced cleavages, and on chemical modifications. Since we dealt with a balance of two global TAR-2 RNA forms, many nucleotide residues exhibited properties typical for single-stranded regions despite of their assignment to the different motifs i.e. bulges, apical loops or internal loops. The balance between TAR-2 conformers depended strongly on magnesium concentration. This prompted us to search for characteristic, preferably magnesium-dependent cuts, which would allow assigning them either to the structure of the branched or extended form. Comparison of the probing data of the full-length TAR-2 wt with its A21, B4, DC23 mutants and oligoribonuclotides comprising defined motifs of the branched structure model, i.e. hairpin I (+18-52) and II (+54-85), appeared to be crucial. The TAR-2 A21 mutant was used as a mimic of the TAR-2 RNA molecule in its extended form and B4 and DC23 mutants as the models of the branched TAR-2 form.
Enzymatic cleavages. Single-strand specific nucleases namely T1, S1, A and double-strand specific ribonuclease V1 were used. Within the TAR-2 wt considered as a branched structure, the apical loop of hairpin I was cleaved very strongly, whereas the apical loop of the hairpin II was resistant to enzymes ( Figure 3A and C, and Figure S4 ). It was surprising, since the sequence of six-residue apical loops of hairpin I and II is almost identical. The G36, G37 and G38 residues formerly assigned to the apical loop of hairpin I were highly accessible to T1; in particular, G36 was cleaved very strongly. Our results concerning hairpin II region were consistent with earlier observation of the lack of the RNase T1 specific cleavages at G70, G71 and G72 residues (3,26) but they were at variance with other data, collected at high enzyme concentration (27) . Although, the lack of G70-G72 cleavages for the TAR-2 wt domain was previously discussed in a view of the long-distance interactions of those residues with the region (+189-191) located in between poly(A) and PBS domains (3) , that explanation found no support in our data as they were obtained for the isolated 123 nt TAR-2 wt domain. Two completely different cleavage patterns for these two loops do not fit the TAR-2 branched hairpins model ( Figure 3A and C) . On the contrary, they can be easily explained if the extended hairpin form is considered; residues G70, G71 and G72 are base-paired whereas G36, G37 and G38 show tendency to the bulge formation. In addition, the lack of G70-G72 cleavages in the A21 mutated molecule ( Figure 3B and Figure S5 ) strongly supported our conclusion that these nucleotide residues are base paired in the extended form of the TAR-2 wt RNA. Additional confirmation was obtained from the analysis of the mutants B4 and DC23 for which cleavages at the second apical loop of the branched form were clearly seen ( Figure S6 ).
The ribonuclease T1 digestions appeared to be very informative not only in allocating specific cuts to the extended structure but also in demonstrating its conformational flexibility reflected within the G-rich region-G36G37G-38A39G40G41. Despite great care about the reproducibility of the ribonuclease T1 digestions, undertaken in numerous experiments, we have observed two characteristic gel patterns for that region ( Figure 3D ). The first one, reflecting higher accessibility of G36, G37 and G38 residues, corresponded mainly to the branched structure and extended conformer E1. The second pattern, more often observed, with the strongest cleavages at G40 and G41, could not be explained on the basis of both TAR-2, the branched and E1 structures, since these residues form stable G-C pairs. It should be emphasised that those two T1 cleavage patterns, characteristic of G-rich regions, were also observed for the TAR-2 A21 mutant. Those experimental results found full explanation in the in silico prediction which pointed to the second extended hairpin conformer E2 and E2-A21, for both TAR-2 wt and A21 mutant, respectively.
Results obtained for the full-length TAR-2 RNA cleavages were confronted with those from the enzymatic structure probing of 35 and 32 nt oligoribonucleotides of a sequence of hairpins I and II of the branched structure model, respectively ( Figure S7 ). In contrast to the full-length TAR-2 wt and its A21 mutant transcripts, residues G40 and G41 (numbering as for full-length transcripts) of the isolated hairpin I, basepaired like in the TAR-2 branched structure model, were not cleaved with RNase T1. It should be underlined that for the full-length TAR-2 B4 and DC23 mutants, a total lack of T1 cleavages at G40 and G41 residues was also observed ( Figure 3E ). It convinced us that cleavages at those residues are characteristic only for the TAR-2 conformer E2.
Moreover, the cleavage at U35, located in the apical loop of hairpin I, with ribonuclease A was much stronger than for both full-length TAR-2 and its A21 mutant. In the extended hairpin conformers U35 is involved in G-U base pairing and placed on the edge of the bulge (E1) or within stem (E2). Strong cleavages at the second apical loop of the B4 and DC23 mutants and at the loop of isolated hairpin II, with single-strand specific enzymes, unobserved in the wild-type full-length TAR-2 transcript, supported existence of the extended form of the TAR-2 in which residues U69-G72 are base-paired. Moreover, the isolated hairpin II showed very strong specific cleavages at G70 and G71 induced by the hydroxyl radicals ( Figure S7B ).
Very strong cuts at U55 with RNase A and nuclease S1 were characteristic of both wild type and A21 mutant (Figure 3 and Figure S5 ). For the TAR-2 wt, U55 cleavage increased with a magnesium concentration above 1 mM, i.e. conditions leading to the prevalence of the extended form ( Figure S4 ). The aforementioned results were in favour of the existence of the extended hairpin conformers E1 and E2 where the U55 is placed in the apical loop. Although, the accessibility of residues U55-G57 to single strand-specific enzymes was observed earlier (11, 27) , their occurrence was explained in a view of the branched structure model, as caused by the tertiary structure interactions that would prevent stable base-pairing of those nucleotide residues (27) . For the TAR-2 B4 and DC23 mutants, cleavages at residues close to the branch site and formulating the lower part of the second hairpin stem were also observed, although much less intensive that for the TAR-2 wt and A21 mutant ( Figure S6 ). The presence of cleavages in TAR-2 transcripts stabilized in either extended or branched form supports both explanations.
TAR-2 RNAs
Two dinucleotide bulges U27U28 and U62A63 are characteristic of the TAR-2 branched structure model. In the absence of magnesium, strong cleavages at U27 and U28 residues with ribonuclease A were observed for TAR-2 wt ( Figure S4 ). Addition of MgCl 2 led to the inhibition of those cleavages to the level noticed for the TAR-2 A21 mutant. This was not observed for the 35 nt hairpin I (data not shown). Those facts, electrophoretic mobility and presented below results of Mg 2+ -induced RNA cleavages suggest that the TAR-2 wt undergoes magnesium-dependent conformational change; bulged U27 and U28 are rearranged to the different structural motif-an internal loop of the extended hairpin form. Independently of the magnesium concentration, residues U62 and A63, within both TAR-2 wt and its A21 mutant, were cleaved weaker than U27 and U28 ( Figure 3 and Figure S5 ). Results on fulllength TAR-2 wt and A21 transcripts were in contrast to both isolated hairpins I and II for which strong cleavages of comparable intensities were observed at respective bulge regions ( Figure S7 ). One point remains unanswered, i.e. the presence of strong cleavage at C23 not only in the TAR-2 wt, as expected, but also in TAR-2 A21 mutant.
It should be underlined that from all enzyme cleavages studied, only digestions with ribonuclease A responded specifically to the magnesium concentration, which was taken as an advantage in assigning cuts representative to either branched or extended form. In case of other enzymes, cleavage intensities increased proportionally with a higher concentration of magnesium within the range studied (0-10 mM, data not shown).
Similar to single-strand specific enzymes, the V1 induced cleavages occurred for TAR-2 wt and its A21 mutant at the same positions and especially strong cuts were observed at U7, G21 (A21 for A21 mutant) and G25 that are predicted to be base paired in both TAR-2 structure models (Figure 3 ).
Chemical structure probing with the DEPC. was performed to assign location of the key single-stranded adenosine residues to the different structural motifs of the branched and extended TAR-2 forms. Low reactivity of N7 site of the adenosine residues was ascribed to its involvement in base pairing and stacking interactions (37, 41) . In the TAR-2 wt transcript only few adenosine residues underwent DEPC modification; residues A39, A56 and A63 appeared as hyper reactive ( Figure 3A and C) . A39 is present in an apical loop in the branched hairpins structure model. In the TAR-2 A21 mutant, lower intensity of A39 modification was observed ( Figure 3B and Figure S5 ), indicating stacking of that residue in the conformer E1 while in the E2 it stays unpaired. The A56 residue, highly reactive in TAR-2 wt, showed also the highest reactivity in the A21 mutant. This residue in the extended form is placed within apical loop of the main hairpin whereas in the branched one it is in the middle of the helix. Modification at A56 pointed strongly to extended hairpin conformers, whereas reaction at the A63 residue, weakly modified in the TAR-2 A21 mutant, pointed to the branched form of TAR-2 wt. Results of RNA modification by DEPC were in agreement with other data showing alternative structures of the TAR-2 wt.
Pb
2+ ions-induced RNA cleavages. Metal ions promoted RNA cleavages are very sensitive tools used to map single-stranded regions and metal ions coordination sites in the RNA structure (42, 43) . Two dinucleotide bulges U27U28 and U62A63, characteristic of the TAR-2 branched structure model, were recognized by Pb 2+ ions in a completely different manner. The region related to the first bulge showed the strongest cleavages of all, while that of the second bulge was cleaved much weaker and only at U62 (Figure 4A and C) . Obtained cleavage patterns fit well into the extended structure of TAR-2 where these two sites are differently arranged: U27 and U28 are placed in an internal loop, the U62 is unpaired and A63 is base paired. Similar cleavage pattern for U27, U28, U62 and A63 residues was observed for the TAR-2 A21 mutant ( Figure 4B and Figure S8 ). In contrast to the full-length TAR-2 wt, strong Pb 2+ -induced cleavages were observed at both bulge sites of isolated hairpins I and II, including A63 residue ( Figure S7 ). For both TAR-2 RNA wt and its A21 mutant, and consistent with the enzymatic structure probing, nucleotide residues expected to form the first apical loop (+34-39) within the branched hairpins structure were hydrolysed stronger with Pb 2+ ions than those from the second apical loop (+68-73) ( Figure 4A and C, and Figure S8 ). This is due to the tendency of residues +34-39 to form the bulge and its vicinity within extended form while nucleotide residues +68-72 are base-paired in both conformers E1 and E2. This explanation found strong support in previous studies (44) which showed that in most cases bulges and internal loops were more readily cleaved with Pb 2+ ions than apical loops. Furthermore, the apical loop residues of isolated hairpin I were cleaved weaker than in the full-length TAR-2 wt (compare Figure 4A and Figure S7 ). Residue U55, strongly cleaved with single-strand specific enzymes was moderately cleaved with Pb 2+ ions for both TAR-2 wt and A21 mutant RNAs. This observation pointed to U55 positioning in the apical loop of extended hairpin conformers rather than disturbing base pairing in this region by tertiary interactions, as was proposed earlier (27) . Moreover, U69 residue strongly cleaved in the isolated hairpin II, ( Figure S7B ) was cleaved only weakly in the wild TAR-2 transcript, which indicated its involvement in the base pairing as in the extended structure model.
Mg
2+ ions-induced RNA cleavages and potential magnesium binding sites. As was shown by the gel electrophoresis under ions competitive inhibition of Pb 2+ -specific RNA cleavages were performed (Figure 4 and Figure S8 ). It should be recalled here that conditions applied for the cleavage reaction with Mg 2+ (low-MgCl 2 concentration, pH 8.5, 37 C, 15 h) were quite different from those for Pb 2+ -promoted RNA cleavages due to much higher pK a value of corresponding metal ion hydrate (43) .
Although Mg 2+ -induced cleavages at the U27 and U28 residues were observed for TAR-2 wt and A21 mutant, they appeared especially strong for the TAR-2 A21 mutant suggesting magnesium ion binding in that region of the extended hairpin structure (Figure 4 ). This assumption was supported by a strong Mg 2+ inhibition of the Pb
2+
-specific cleavage at U27 position of TAR-2 A21 mutant, the effect noticeable starting from low-MgCl 2 concentration ( Figure 4D ).
For the TAR-2 wt the inhibition was weaker and pronounced only at higher MgCl 2 concentration whereas for the isolated hairpin I no cleavage inhibition at U27 was observed. Not surprisingly, taking under consideration equilibrium between the branched and extended forms of the full-length TAR-2 in low-MgCl 2 concentration, those cleavages and Mg 2+ -inhibited Pb 2+ cleavages for the TAR-2 RNA wt were less intensive. These results provided further evidence that the extended form of TAR-2 binds Mg 2+ ions preferably at internal loop site.
Does the extended hairpin form of the TAR-2 RNA bind Tat-2 protein?
TAR-2/Tat-2 gel shift assays. To answer the above question, the Tat-2 binding to the 123 nt TAR-2 RNA, its A21, B4, DC23 mutants and isolated hairpins I, II and III, representing motifs of the branched structure model, was analysed using gel shift assays. Most importantly, it appeared that Tat-2 was able to bind full-length TAR-2 wt and TAR-2 A21 mutant with the same affinity ( Figure 5 ). For both transcripts, formation of the array of discrete complexes at lower protein concentrations was observed; those bands disappeared with an increasing amount of the protein and a strong broad band of the complex (or complexes) was observed. Similar gel patterns were previously reported for the TAR-2 wt (6, 27) . High-binding affinity of the Tat-2 to the TAR-2 A21 mutant strongly indicated that the structural motifs other than dinucleotide bulges, not present in the extended conformers, should be considered as the Tat-2 binding sites.
Since all former reports on Tat-2 binding were focused on the branched TAR-2 structure, one would expect that the analysis of B4 and DC23 mutants will deliver conclusive results on the involvement of the branched form in the protein association. It appeared that the B4 mutant shows very low Tat-2 binding. An initial excitement about that result was tempered by the fact that TAR-2 DC23 mutant showed Tat-2 binding affinity comparable with both, TAR-2 wt and its A21 mutant ( Figure 5 ). At this stage we do not want to draw any conclusions about potential biological relevance of the fact that one of the mutants stabilized in branched form binds Tat-2 with significantly lower affinity than wild TAR-2. This shows us how careful one should be in manipulating a native RNA structure and reveal that too many substitutions in the stem motifs (mutant B4) may have a great impact on the TAR-2 properties (see below on the argininamide binding to the hairpin W).
Interesting results were delivered from the analysis of isolated hairpins I (+18-52) and II (+54-85) which were expected to serve as good models of the single binding site for the Tat-2 within the TAR-2 branched form. It appears that isolated hairpins I and II were bound by Tat-2 with significantly lower affinity than that observed for the full-length TAR-2 wt and its A21 and DC23 mutants ( Figure 5 ). As expected, no Tat-2 binding was observed for 21 nt hairpin III of TAR-2 ( Figure S9) . Surprisingly, the Tat-2 formed more tight complexes with the isolated hairpin II than with the hairpin I. Above facts suggested that the nucleotide residues +18-85 of the full-length TAR-2 wt, covering the sequence of both hairpins I and II, are important not only for the architecture of the extended conformers but also for Tat-2 binding in vitro. This was in accord with the reports showing that for effective trans-activation the HIV-2 leader RNA required an additional sequence +54-85 (region of the hairpin II) (2, 24) ; deletion of the hairpin II sequence reduced the in vivo response to Tat-2 by 3-fold (30) .
Competitive inhibition of Pb 2+ -induced RNA cleavages by argininamide. Since the argininamide tends to induce similar structural changes at the TAR-1 bulge site as Tat-1 protein, the Tat binding was often simplified to the interaction with argininamide (20, 28, 29, 45) . We have shown earlier that binding of argininamide to the bulge region of TAR-1 RNA caused inhibition of Pb 2+ -induced cleavages (33) . The same approach was used here to find potential argininamide binding sites in the TAR-2 structure. The 60 nt RNA of the poly(A) sequence was used as a reference molecule since that domain showed no Tat-2 binding ( Figure S10A ). Increasing the concentration of the argininamide had no influence on Pb 2+ -induced cleavage of poly(A) RNA ( Figure S10B ).
Dinucleotide bulges U27U28 and U62A63 were proposed as Tat-2 binding sites of the TAR-2 branched hairpins structure (27) . For the TAR-2 wt, an increasing concentration of the argininamide strongly inhibited Pb 2+ -induced cleavage at U27 residue ( Figure 6 ). Interestingly, the cleavage at U62 was strongly enhanced. Such differences in the argininamide binding are difficult to explain if one considers the similarity of both potential Tat-2 binding sites within the branched form. They rather indicate that only the region related to the first bulge of the TAR-2 branched structure model has the ability for Tat-2 binding. On the other hand, in the TAR-2 extended conformers, residues U27 and U62 are placed in different structural motifs. One of them is composed of the unpaired U27 residue and adjacent base pairs G29-C77 and A30-U76, a base arrangement closely resembling that of the TAR-1 and hairpin W (see below) bulge regions, proved to be important for the argininamide and, putatively, Tat interactions (19, 21, 28, 29) . As far as the second motif is concerned we can not fully explain the argininamide influence on the Pb 2+ -induced cleavage at the unpaired U62 residue, placed in very different structural environment within the branched (B) and extended conformers E1 and E2. Instead of the enhancement seen for the TAR-2 wt, nearly no effect was observed for the TAR-2 A21 mutant ( Figure 6B ). Currently, we cannot exclude sequential bindings of argininamide.
At this stage we have turned to the analysis of isolated hairpins I and II-motifs of the branched structure model. Contrary to the argininamide inhibited Pb 2+ -induced cleavage at U27 of the 123 nt TAR-2 wt, no inhibition was observed for the isolated 35 nt hairpin I. This result was surprising in a view of the reported NMR structure of the complex between so-called first TAR-2 hairpin and the argininamide (28, 29) . An inspection of the bulged hairpin chosen for these studies showed that its sequence is not exactly that of the wild-type TAR-2 but instead it is a chimera of the TAR-1 hairpin structure where typical UCU bulge was replaced by UU, characteristic of the TAR-2 hairpin I. Since both TAR-1 and TAR-2 first hairpin have the same apical loop sequence, thus the helical stems make the difference (see above on the Tat-2 binding affinity of the B4 mutant). That hairpin (coded hairpin W, Figure 6 ), in contrast to the isolated hairpin I used here, revealed very strong argininamide inhibition of Pb 2+ -induced cleavages. The lack of argininamide induced inhibition at U27 of isolated hairpin I was also consistent with its very low Tat-2 binding affinity described above. Clear differences in the argininamide inhibition of Pb 2+ -induced cleavage were also observed for the U62 residue of the 123 nt TAR-2 wt and isolated 32 nt RNA hairpin II. An increasing argininamide concentration caused an inhibition for the isolated hairpin II. In accord, the formation of the tight Tat-2 complexes with isolated hairpin II was observed during gel shifts experiments. Above results convinced us that the approach we have applied is very sensitive to the structure of analysed RNA and can be used to probe RNA sites of argininamide binding, all in relation to argininerich proteins such the Tat.
Indication that the internal loop with U27 and adjacent residues constitute the argininamide binding site in the TAR-2 extended form and most probably the part of the Tat-2 binding site was confirmed by the analysis of the TAR-2 A21 mutant adopting only extended hairpin structure. For TAR-2 A21 mutant, which earlier showed high Tat-2 binding affinity, a strong argininamide inhibition of Pb 2+ induced cleavage at U27 position was observed. Although future biophysical studies are needed to reveal specificity of TAR-2/Tat-2 interaction, we found it interesting to note that another type of the pyrimidine-rich internal loop motif, showing Tat-2 binding, was delivered by the in vitro RNA selection (46) .
CONCLUSIONS
Since the late 1980s, a branched, three-hairpins form was considered as the only representative model of the TAR-2 RNA domain within the HIV-2 leader RNA structure. Here we have shown that the TAR-2 RNA exists in vitro in two global, alternative forms: in a new, extended hairpin form, represented by two conformers E1 and E2, and the branched hairpins form. As reflected by the pattern of non-denaturing PAGE gels, the balance between two global TAR-2 forms depends on the concentration of magnesium. The TAR-2 extended form starts to dominate at magnesium concentrations characteristic of the in vivo conditions. Mfold-predicted TAR-2 structures, of close energy, have found very good support in the structure probing experimental data despite difficulties resulting from the presence of three TAR-2 conformers at equilibrium. All enzymatic cleavages of the TAR-2 A21 mutant-the mimic of the extended hairpin form-were mirrored for the TAR-2 wt. Furthermore, the existence of the TAR-2 extended form was strongly supported by the enzymatic analysis of the mutants stabilized in the branched form (B4 and DC23). Metal ion-induced RNA cleavages appeared instrumental in showing differences between TAR-2 structural forms. The existence of the TAR-2 extended form staying in balance with the branched one strongly points to the structural polymorphism of the 5 0 end of the HIV-2 leader RNA. It should be emphasized that the presence of two TAR-1 like hairpins for HIV-2 RNA was always puzzling since it is well-documented that HIV-1 replicates very effectively with only one TAR hairpin. Formation of the TAR-2 extended hairpin form may be taken as an indication of closer than expected overall resemblance between 5 0 ends of the HIV-1 and HIV-2 leader RNAs. It remains to be established whether the TAR-2 alternative forms postulated here could be linked with the global conformational changes of the whole HIV-2 leader RNA (4) and play regulatory role in the viral life cycle.
The question arises about the ability to bind Tat-2 protein by the extended hairpin form of the TAR-2 RNA domain. Gel retardation assays reveal that extended form of the TAR-2 binds Tat-2 protein with high affinity. Surprisingly, Tat-2 binds isolated hairpins I and II, the fragments of the TAR-2 branched structure, with low affinity. This allowed us to postulate that the entire tract +18-85, covering sequence of both TAR-2 hairpins I and II, is necessary not only for the architecture of the extended form but also for Tat-2 binding in vitro. Applying the argininamide inhibition of Pb 2+ -induced RNA cleavages we have shown that an internal loop region of the TAR-2 extended hairpin form is a potential Tat-2 binding site. Since the analysis of the branched B4 and DC23 mutants gave no conclusive results, our ongoing photochemical experiments will reveal which of the TAR-2 global forms, branched or extended, does offer a preferential binding sites for Tat-2 and cyclin T1.
